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1 INTRODUCTION
The future high intensity uses of the SPS for both fixed
target physics and as injector for the LHC require very good
emittance control of the beam in both the longitudinal and
transverse planes. Single and multi-bunch instabilities (on
both fully and partially filled rings) are a major source of
concern in this area.
The session summarised here was devoted to an
overview of our present understanding of the various in-
stabilities observed and expected and the means by which
they may be controlled.
Five talks were presented. Three were concerned with
the longitudinal plane and two for the transverse plane.
• The first talk by J.Tu¨ckmantel [1] gave a description
of the beam parameters at transfer from the SPS to
the LHC, the reasons for their choice, and the conse-
quences for the various RF hardware systems.
• This was followed by a talk given by E.Shaposhnikova
[2] who described the instabilities observed on the
high intensity beam in the SPS in both fixed target
operation and machine development periods and the
present understanding of the beam dynamics behind
these instabilities.
• The various techniques and hardware being developed
to control the instabilities were outlined in the third
talk by T.Bohl [3], where the problems due to strong
beam loading were also mentioned.
• The first talk for the transverse plane by K.Cornelis
[4] outlined an approach to the theory of both single
and coupled bunch instabilites in the presence of long
and short wake-fields, and showed also the large effect
of the Laslett tune shift.
• W.Ho¨fle [5] gave the last talk which concentrated on
the upgrades being made on the transverse damper
system, an important element in transverse emittance
control, and the results from machine development pe-
riods concerning instabilities in partially filled rings.
2 LONGITUDINAL PLANE
2.1 SPS to LHC Transfer
The emittance requirement at transfer from SPS to LHC
is 0.5 to 1.0 eVs, defined by intra-beam scattering for the
minimum emittance and dynamic aperture considerations
which imply low energy spread for the upper value.
Previously, it had been assumed that transfer from the
existing 200 MHz system in the SPS into the 400 MHz
system in the LHC, (supplemented by a 200 MHz longitu-
dinal injection damping system), would be possible with-
out losses if the emittance in the SPS could be kept below
0.6 eVs. For higher emittances, a new 400 MHz SC RF
system was foreseen to shorten the bunch length at extrac-
tion. Recently, a simulation programme for particle mo-
tion has been developed which allows the phase errors (29
to 43 degs), the energy errors (± 50 MeV) - much better
defined now, and the feed-back system to be included si-
multaneously and hence the emittance increase and parti-
cle losses to be found for different transfer scenarii. First
results showed that to have losses below 1% in the leading
bunches in the batch the 400 MHz system was necessary in
the SPS even for 0.6 eVs. At 1 eVs there would be up to
7% losses even with the 400 MHz system.
To improve the transfer two proposals have been studied.
• The first (J.Tu¨ckmantel) uses an 800 MHz system in
the LHC to linearise the RF waveform and slow down
filamentation. This enables the losses at 0.6 eVs to
be significantly reduced but for emittances ∼ 1 eVs it
does not help.
• The second solution (D.Boussard) is to install a 200
MHz (3 MV) system in the LHC to capture the
bunches, a transfer to the 400 MHz RF buckets tak-
ing place just before or during acceleration. Simu-
lation shows that with this capture system, transfer
with no losses is possible to 1 eVs. Added advantages
are that the voltage necessary for the injection damp-
ing system can be reduced (0.1 MV), and the match
voltage in the SPS is lower which increases the syn-
chrotron frequency spread and may help with instabil-
ities. The lower voltage does lead to increased beam
loading (taken into account in the simulation).
The main conclusions are that for emittances > 0.6 eVs
a 200 MHz system in the LHC for capture looks the best
solution. Emittances up to 1 eVs can safely be transferred
to the LHC and the 400 MHz system in the SPS can be
excluded.
2.2 Instabilities in the SPS
The emittance of the LHC beam at injection into the SPS is
0.35 eVs which after filamentation may approach 0.5 eVs.
With the 0.6 eVs to 1 eVs allowed at 450 GeV, any emit-
tance growth must be very small. When considering future
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high intensity operation in the SPS an area of concern is
micro losses which can occur at high energy. These are
caused by emittance blow-up in an RF bucket limited in
size both by the power capability of the RF system and the
available momentum aperture. For both reasons control of
any sources of emittance increase is desirable.
Possible causes of emittance blow-up are single and
multi-bunch instabilities.
Single bunch
The single bunch instability of concern is the microwave
instability. It is believed that the nominal bunch of 4ns,
0.35 eVs, 1:1 × 1011 injected at 26 GeV may be unstable.
The dominant impedances associated with this instability
have been found from beam measurements and are the vac-
uum ports the MSE septa and the RF cavities. Simulation
of bunch behaviour using an impedance model based on
these sources has been able to reproduce the bunch length-
ening observed in machine studies. Knowing these sources,
appropriate measures can be taken - this idea is developed
later.
Multi-bunch
Multi-bunch instabilities have been observed and stud-
ied on the fixed target beam and on batch type beams in
machine study periods. Some conclusions from these stud-
ies are:
• In this fixed target cycle, the beam is already unstable
at 4×1012, becoming more and more unstable towards
higher energies.
• The emittance at 445 GeV for 4× 1013 is >2 eVs.
• Keeping as low a voltage as possible through the cy-
cle gives ∼ 1.2 eVs at 445 GeV; (but a much higher
voltage at transfer is necessary!)
• Bunch intensity is the dominant parameter. There is a
smaller effect from the large gap between the batches.
This suggests a wakefield covering several bunches.
Analysis of the threshold intensity as a function of the
cycle parameters and the spectrum produced by the unsta-
ble bunches leads to the following points:
• After transition the threshold decreases as the en-
ergy increases whatever the resonant frequency of the
source. This is due to the decreasing synchrotron fre-
quency spread and relative momentum spread.
• For low source frequencies the beam can become un-
stable on one frequency (one source), blow-up, and
then become unstable on another.
• It is not easy to get the resonant frequency of the
source from the spectrum envelope (as is possible for
a single bunch).
• It is possible to get the mode numbers “m” and “n”,
the first describing the type of oscillation experienced
by the bunch (dipole, quadrupole, sextupole etc) and
the second describing the pattern around the ring
(phase of oscillation between the bunches). It is also
possible to estimate for a given threshold intensity
the required impedance as a function of resonator fre-
quency. These clues can lead to an identification of
the source responsible. e.g One likely source for the
low intensity instability is an HOM in the SWC 200
MHz lepton cavities.
If the sources are better identified then one can hope to
remove them or at least damp them. If this is not possible
then other measures must be taken to stabilise the beam.
2.3 Cures for Instabilities
Single bunch
• As the dominant impedances driving the microwave
instability are believed to have been discovered, the
aim is to screen the beam from their influence, at least
for the MSE septa and the vacuum ports. In both cases
an RF shield will be inserted into the object.
For the MSE septa this is underway. For the vacuum
ports a suitable design for the shield is being stud-
ied. Initial tests with the beam have shown the crit-
ical points. In fact the mechanical design is difficult
- RF tightness is required in the presence of pump-
ing holes, bellows movement, moveable contacts and
ease of mounting the 800 or so shields in the tunnel.
The aim is to test prototypes this year and install two
sextants next shutdown.
• Another possibility is to lower the transition energy
of the machine. By going from γtr = 23.4 to γtr =
19.6 a 2.5 times improvement in threshold intensity at
injection can be expected (observed in machine stud-
ies). At 450 GeV the gain is only 40%. An added
advantage is the higher capture voltage which reduces
the beam loading problems. Operationally it would be
necessary to install dedicated quadrupoles or work at
a lower tune value (e.g 21.3)
Multi-bunch
• Identification and removal of sources (where possible)
• Impedance reduction on the fundamental pass-band.
Feed-forward and feed-back techniques are being de-
veloped.
• Landau damping. After tests with the existing 800
MHz RF system on the fixed target beam the follow-
ing can be said:
1) Bunch shortening is the only viable mode during
the cycle. This experimental fact is now explained an-
alytically.
2) Tests on the FT beam are promising - stability has
been obtained with one cavity to ∼400 GeV.
3) The cavity and power amplifier must be brought
to an operational state. Beam control improvement is
needed (heavy beam loading).
• Coupled bunch feed-back.
This is a powerful method for damping dipole and
quadrupole instabilities. For higher modes life is more
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difficult. The power amplifier specification is difficult
to achieve. (±25 kV in 25 ns under strong beam load-
ing conditions). A solution based on the 200 MHz
lepton cavities is being studied - in particular the cou-
pling between cavity and amplifier, a delicate area, is
being examined.
2.4 Beam loading reduction
Beam loading produces bunch to bunch phase errors at in-
jection (emittance blow-up) and at extraction (beam losses
in LHC possible).
This is controlled by RF feed-back and feed-forward.
Initial tests with feed-forward on the LHC type beam have
reduced the induced voltage by∼ one-third during the cav-
ity transient.
Upgrades are being made to both systems - increased
bandwidth and one system for each of the four cavities.
3 TRANSVERSE PLANE
The transverse emittance will be 3.0 m at injection into
the SPS and must be ≤ 3.50 m at extraction. This is a
very tight requirement.
3.1 Instabilities and Laslett tune shift
The LHC beam is different from previous high intensity
beams encountered in the SPS. An important difference is
the large gap in the beam. One source of emittance increase
is from instabilities on these beams.
An analytical approach to the analysis of coupled bunch
modes in this case can be made
a) for a beam coupled through the gap (resistive wall in-
stability,
b) for a beam where the coupling is only between two ad-
jacent bunches, (linac break-up instability, very short range
impedance).
The general conclusion is that thresholds can be very dif-
ferent from those in equally filled rings. More precise pre-
dictions for the particular case of LHC beams should now
be made.
Where the head-tail instability is concerned good chro-
maticity control is essential for stabilising the lowest
modes.
Calculations of the Laslett tune shift show that the beam
has a non-negligible footprint at 26 GeV. The tune shift
vertically is 0.032 and horizontally is 0.026. This implies
careful control of the tunes.
3.2 The Transverse Damper
The damper is an important element in the fight to keep low
emittance, damping the injection oscillations and fighting
against transverse instabilities.
The LHC beam in the SPS leads to new, more difficult,
requirements and hence a significant upgrade to the damper
system. In particular:
• the power bandwidth (where the maximum kick is
available ) must increase from 1.3 MHz to 4.5 MHz
• the total bandwidth (where significant gain is avail-
able) must increase from 6 MHz to 20 MHz
Machine studies with the existing damper and using
fixed target and test beams have shown:
• The effect of short batch lengths. Intensities as low
as 3 ×1012 can be unstable if the bunches are re-
stricted to 1/11 of the machine cicumference even
with damper on. The instability increases in strength
along the 2 s batch going from head to tail. Globally,
growth rates are of the order of 50 ms.
• The modes that grow are just outside the damper band-
width.
• The growth rates at the lowest frequencies increase as
the beam is confined to smaller parts of the ring.
On the hardware side the new power amplifier design has
been successfully tested in the horizontal plane - injection
oscillations have been correctly damped. In addition first
tests have been made on a new bunch by bunch observation
system. This promises to be a powerful tool for instability
diagnostics.
The next steps will be to terminate the design of the
broadband driver amplifier and produce an intermediate
electronics solution for a bandwidth of 12 MHz this year
- the full 20 MHz bandwidth being available for the 2000
run. A power amplifier for the vertical plane will also be
available for this year.
4 CONCLUSIONS
This session was concerned with the problems of longitudi-
nal and transverse emittance conservation in the SPS. This
is of considerable importance for the future use of the SPS
as LHC injector and also for future high intensity fixed tar-
get operation. The interesting machine study results and
hardware status reports presented have shown that good
progress is being made in the understanding of the beam
dynamics involved and also the development of tools to
control these high intensity beams. However a significant
amount of work remains to to be done, in particular with
LHC type beams in the SPS - this work can only begin in
earnest this year (1999).
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